In this work the authors present an electrical characterization of the so called arrowhead defects (ADs) in GalnP thin films grown on Ge(100) substrates misoriented by 6° toward (111). The samples have been evaluated by means of conductive atomic force microscopy (C-AFM) and Kelvin probe force microscopy (KPFM). It is shown that the ADs have terminating planes which are composed from two alternating subplanes inclined 12° (close to {105} plane) and 6° (close to {109}) with respect to the (100) plane. The terminating planes of the arrowhead defects possess higher conductivity compared to their surrounding. The terminating planes differ also in their electrical behavior from each other, demonstrating different values of conductivity (C-AFM) and bucking voltages (KPFM). The difference in current densities between two terminating planes was found to be ~170± 35 ¿¿A/m 2 at -3 V, and the difference in the bucking voltages was -70 mV at 5 V of the electrical excitation signal in the lift mode. It is suggested that the distinctive electrical behavior of the ADs is caused by an ordering effect which leads in this case to the degraded electrical properties of the ADs.
I. INTRODUCTION
The growth of III-V semiconductor devices on Ge substrates has received considerable attention, particularly in the field of photovoltaic cells, first for space aspects and more recently for terrestrial high concentrator applications. The main reason for this fact is that germanium has a small lattice mismatch with GaAs. Additionally, germanium offers clear advantages over conventional GaAs substrates in certain applications such as high crystallographic perfection, high mechanical strength, slightly higher thermal conductance, and lower cost; also, germanium is an environmental friendly substrate easy to recycle. Furthermore, as a result of its low bandgap (0.67 eV), Ge is a suitable candidate to be used also as the bottom junction in tandem solar cells, which is formed by diffusion of the group-V element used in the nucleation layer into the p-type germanium. More precisely, GalnP/ GaAs/Ge triple-junction solar cells have been demonstrated to attain record efficiencies of 40.7% at 236 suns. In these devices, the Ge third junction is an important part of the structure of this complex solar cell, contributing around 15% (relative) to the total cell efficiency.
The most common materials used as III-V nucleation layers on Ge are GaAs and GalnP. In order to achieve a shallow Author to whom correspondence should be addressed; electronic mail: teichert@unileoben.ac.at junction on Ge, which implies a better photocurrent response, the use of P as «-type dopant is preferred. Consequently, the study of the heteroepitaxy GalnP/Ge is an up-todate topic, especially for solar cell applications. Previous morphological and compositional investigations of GalnP thin films, grown by MOVPE on Ge (100) misoriented by 6° toward (111), have revealed the presence of two sorts of defects on the surface of the epilayer: on the one hand, truncated asymmetric pyramids, similar to the findings of man and Lankinen ' and, on the other hand, so-called arrowhead defects (AD). In this previous work, it has been found that the density of the latter increases as the layer gets more Ga-rich, while the density of the truncated pyramids, in turn, did not demonstrate any dependence on the layer composition. Additionally, the composition and quality of GalnP/Ge epilayers were also investigated by means of high resolution x-ray diffraction (HRXRD) but no conclusions related to variations in the defect composition could be achieved. In other works, ' a deeper analysis of the truncated asymmetric pyramids was carried out, although neither compositional study of arrowheads nor characterization of their electrical properties were performed. Conductive atomic force microscopy (C-AFM), I-V microscopy, and Kelvin probe force microscopy (KPFM) are suitable techniques to extract electrical properties related to the ADs since they operate on the nanometer scale. Previous works concerning KPFM measurements and I-V characteristics achieved from C-AFM measurements have revealed that both techniques are sensitive to variations in the degree of GalnP ordering. The ordering is described as the alternation of {111} planes consisting of either Ga or In atoms on the group III sublattice. This gives rise to a CuPt structure, which results in a narrowing of the band gap of the material, whose exact value depends on the degree of ordering. Reductions above 100 meV can appear. The ordering depends on growth conditions and substrate preparation.
In this work, we apply C-AFM and KPFM to study the nanometer scale electrical properties of arrowhead defects formed on GalnP thin films grown on Ge(100) substrates with a miscut angle of 6° toward the (111) plane. In particular, we measured local current-to-voltage characteristics of the terminating planes of the ADs and related them to the bucking voltage (related to contact potential difference) measured by KPFM. For the two main planes forming the arrowhead, we measured higher conductivity with respect to the surrounding defect-free surface indicating higher ordering within the AD, in accordance with Ref. 10 .
II. EXPERIMENT
The samples have been grown by metal organic vapor phase epitaxy (MOVPE) in a 2 in. AIX200 horizontal reactor system. The substrates used were/?-type Ge wafers 150 ¿¿m thick, oriented (100) with a miscut of 6° off toward the nearest (111) plane. Typically, the MOVPE growth process took place at a temperature of 640 °C, a pressure of 100 mbars and with a total flow of 14 slpm of palladium-purified hydrogen. The precursors used were pure PH 3 , AsH 3 , TMGa, and TMIn. The growth routine is based on four steps, namely, (i) Ge substrate annealing at high temperature (700 ° C) to form a double atomic height step structure; (ii) a P monolayer deposition at 700 °C to achieve a single domain surface; (iii) thick, nominally undoped GalnP layer lattice matched to Ge (ranging from 600 to 1000 nm) at T = 640 °C, V/III=120, and growth rate=2 fim/h; and (iv) a thin GaAs capping layer of around 100 nm, which was chemically etched before all measurements.
Prior to investigation of electrical properties the surface topography was examined with Digital Instruments Nano-TM scope Illa AFM operating in Tapping Mode under ambient conditions. The data in this mode have been recorded with Nanosensors SuperSharpSilicon AFM probes (SSS-NCHR) with the tip radius as low as 2 nm; the half cone angle at 200 nm from apex <10°; the resonance frequency was typically -300 kHz.
C-AFM has been proven as an efficient current sensing technique with the ability to simultaneously perform high resolution topography profiling and accurate measurements of local conductivity variations in highly to medium resistive samples at the nanometer scale. ~ The C-AFM setup is schematically drawn in Fig. 1(a) and takes advantage of using a low-noise OPA602 operational amplifier, which is a part of the conventional Omicron AFM/STM equipment. The amplifier is placed in close proximity to the AFM probe holder and shielded. Thereby, the level of electromagnetic interference at the amplifier input is significantly suppressed. C-AFM measurements were carried out under ultrahigh vacuum conditions with a base pressure of 5X10" 9 mbar. Prior to C-AFM measurements, the samples were held in the loading chamber for up to 10 h at the temperature of -70 °C, and a base pressure of 5 X 10" 6 mbar, in order to degas and remove the water physisorption layer. In the course of C-AFM measurements, we used DCP11 diamond coated (heavily doped with nitrogen) tips from NT-MDT , and the cantilever force constant varied in the range from 3 to 10 N/m. The tip radius curvature is 50-70 nm, but the grain structure of the coating makes it possible to resolve features with sizes below 10 nm laterally. The resistivity of the tip coating is 0.5-1 £1 cm. The C-AFM setup of the Omicron system uses a laser diode in the feedback with a wavelength of 820 ± 50 nm in its optical feedback.
KPFM is a noncontact variant of AFM which allows mapping of the local contact potential difference (CPD), which is the difference in work function between tip and sample, simultaneously with topography data. ' The principle of operation is schematically depicted in Fig. 1(b) . During the first (topography) pass, the cantilever is mechanically excited by a small piezoelectric element near its resonant frequency. On the second pass, the mechanical excitation is turned off. Instead, to measure the surface potential, an oscillating voltage is applied directly to the cantilever tip. All KPFM measurements were performed under ambient conditions on the Digital Instruments Nanoscope Ilia AFM equipped with an electronics extender module, the laser used in the feedback loop has a wavelength of 670 nm (1.9 eV). The system was operating in surface potential imaging mode. Measurements were taken in two passes, topographical data were taken in tapping mode on one trace or retrace pass, and the CPD data were taken on the retrace pass. The CPD images were obtained using the phase detection scheme with grounded sample. We used heavily doped «-type PPP-EFM silicon cantilevers with an overall metallic coating (Ptlr5) on both sides from TM Nanosensors . The force constant of this type of cantilevers (£ = 3-5 N/m) is especially tailored for the electrostatic force microscopy yielding very high force sensitivity while simultaneously enabling tapping mode (f~ 70-80 kHz) and lift mode operations. The lift mode height did not exceed 3 nm above the sample surface in order to suppress strong influence of electrostatic forces while the typical amplitude of the electrical excitation signal (V ac ) for the cantilever in the lift mode was usually in the order of 5 V.
III. RESULTS

A. Morphology of the arrowhead defects
The surface morphology of the GalnP containing the arrowhead defects is depicted in Fig. 2(a) . The ADs are clearly recognized in the 3D AFM image by two rather smooth triangular side planes (named here as "L" and "R" planes). The typical width of the AD stays in the range of 400 nm -3 f¿m, while the corresponding height varies from 10 to 170 nm. It is significant that the ADs are always pointing to the [01 -1] direction, i.e., the same as the step flow direction, and the film exhibits a good crystallinity. The overall rms film roughness is -32 nm for a 100 ¿¿m 2 representative central area of the sample.
First, we examined the morphology of the AD in high resolution AFM measurements with supersharp silicon probes. As a result, we were able to resolve the threedimensional (3D) morphology of the AD, as it is presented in Fig. 2(b) . Evaluation of the terminating plane orientation relative to the (100) plane revealed an inclination angle of 
9.5° ± I
o . It is also significant that the rms roughness is 14 nm and equal for both terminating planes and significantly higher than the rms roughness of the surrounding defect-free surface (rms is -1.8 nm). As the cross-sections of the L and R planes in the [010] and [001] directions show, these terminating planes are corrugated and composed of two alternating subplanes, as it has been observed in GalnP grown on GaAs (001) substrates. The smaller one which has a rather uniform width of 20 ± 1 nm is tilted by 2° with respect to the nominal surface, i.e., by 6° with respect to the (100) plane [see inset of Fig. 2(b) ]. The larger one (43 ± 9 nm) is tilted by 8°, i.e., about 12° with respect to (100). This points to {105} facets which are common in Ge/Si (Ref. 19) and which have been considered as possible facets in InAs/GaAs quantum dots. Figure 3 represents the morphology (a) of the AD obtained simultaneously with the data on local conductivity (b) under UHV conditions in contact mode acquired at -3 V of sample bias on the surface of the GalnP/Ge sample. The topography image appears a bit blurred in comparison to images obtained in tapping mode, mainly because of the higher forces acting in the C-AFM mode, and therefore larger contact area between the tip and the surface, resulting in a decrease of resolution. The distribution of the currents is inhomogeneous and differs significantly for the L and R terminating planes. In order to extract quantitative information, the current density for each plane and the surrounding area has been calculated. tively, calculated in average for 0.1 ¿¿m 2 of the projected area close to the AD apex and -3 V of bias. The values for the surrounding film and the back side of the AD are -20 ± 35 and -40 ± 35 fiA/m 2 , respectively. In order to extract more information, current-to-voltage characterization has also been carried out (Fig. 4) . The characterization was performed with a bias sweep in the range of ±10 V, and the measured current varied from 0 to 50 nA. As it can be observed, all curves exhibit a rectifying behavior, although the L plane characteristic differs from the R plane and the defectfree surface of GalnP.
B. C-AFM current maps and correlation with the topography
C. KPFM
In order to gain further insight into the electrical properties of the AD, we performed Kelvin probe force microscopy measurements of the same sample using Ptlr5 coated AFM probes. The topography together with the corresponding contact potential difference CPD (bucking voltages) map is depicted in Fig. 5 . One of the problems in KPFM is the strong electrostatic interaction between cantilever and sample surface resulting in a strong dependence of the bucking voltage (tip bias which is used to nullify the tip-to-sample electric interaction applied simultaneously with the excitation signal; ideally the bucking voltage is equal to CPD) on the voltage of the electrical excitation (V ac ). Therefore, the determined values for the CPD have to be considered as a rough estimation. It is customary in KPFM to use bucking voltages rather than the values of CPD, especially in the cases when the determination of the real values of CPD is not possible. The images represent measurements in one certain tip-to-sample geometry. Measurements were performed also in different relative tip-to-sample orientations with the same result. Since the KPFM measurements were performed under ambient conditions, not all influences on the work function of the surface can be filtered out. The values of the bucking voltage (V B ) at V ac =5 V average to -525 meV for the L plane and -455 meV for the R plane. The R plane value differs from the surrounding film by about 40 meV. At higher excitation voltages V ac , we observed an increase in the difference between the bucking voltages for the L plane and the rest of the film. The difference increased up to 300 meV at V ac =9 V. At the same moment, we observed a positive shift in the bucking voltages for the surface in general.
IV. DISCUSSION
In the following, we will discuss possible explanations for these observations. First, we focus on the tip-sample contact properties. A certain issue is the tip contact area, which alters coincidentally with the change in the relative tip-tosurface tilt angle. We were able to eliminate this factor by measuring the sample in different in-plane orientations, which also led to unalterable contrast in the current map. The 
where F ts is the tip-sample force, r c is the tip-sample contact radius, and k¡ is given by k^^i -v^lEi, with v¡ and E¡ are Poisson's ratios and Young's moduli of the tip and sample, respectively. During the course of the measurements, the tipsample force was equal or higher than 100 nN and the tip apex radius was taken equal to 50 nm. With these estimates, the tip-sample contact radius is -1.5 nm and therefore, the tip-sample contact area is ~7 nm 2 . According to the literature, a stable tip-sample contact is achieved at the above 22 mentioned conditions. Second we discuss the physical origin of our observations. Several possible mechanisms have to be considered when speculating about the origin of the different values of conductivity for the terminating L and R planes. First, the electrical properties (band gap, carrier concentration, etc.) of the "bulk" below the tip-sample contact have to be considered. The variation in composition of the AD can significantly differ from its surrounding causing shifts in the band gap and Fermi level positions. However, we believe that variations in the composition between the AD and its surrounding would lead to a less pronounced effect in the current map than we observe. Another concern is the obvious difference in the electrical properties of the two terminating planes which cannot be explained simply in terms of compositional difference. At this point the possible influence of surface contaminations has to be discussed. Sample heating in the load lock of our UHV system upon 70 °C at 5 X 10" 6 mbar for several hours will indeed remove water from the sample surface but might not be sufficient to remove contaminations such as surface oxides or hydrocarbon layers. This might result in a change of conductivity due to the fact that the contact is formed between the conductive tip and the contamination layer, which is in the case of a native oxide layer about 0.9 nm thick under the applied preparation 23 conditions. For the current maps, which are measured in contact mode under high tip loads, the coincidence of the measured currents obtained for both scan directions, trace and retrace, also indicates that there is no significant influence of a contamination layer. Otherwise the tip should cause a change in the layer during the trace cycle due to scratching the layer or stripping off contaminations, which would lead to different electrical tip-sample contact for the retrace direction. It is known from the literature that the impurity incorporation and activation as well as the affinity to adsorbates 24 25 depend on the crystallographic orientation, ' which then might also lead to orientation dependent electrical properties. Since both planes are assumed to be of {105} type and therefore are crystallographically equivalent, this seems unlikely in this case. Additionally, the GalnP layer is nominally undoped and the background doping in MOVPE is just around 10 16 cm" 3 , which makes doping effects unlikely also. According to Lee et al. , the higher conductivity of the GalnP can be explained by a higher degree of order in the epilayer. It is also known that epitaxially grown GalnP exhibits the tendency for CuPt-type ordering, resulting in a band gap shrinkage and Fermi level pinning in ordered GalnP. In fact, we can assume that the increase of conductivity for the AD is caused by ordering, which is consistent with the concept of band gap shrinkage. The differences in the I-V characteristics can be explained in terms of the degree of order in the material under the two terminating facets. The degree of order is hard to determine just on the basis of the electrical characteristics, but at least some qualitative conclusions can be made. According to Lee et al., an improvement in the I-V characteristics (high breakdown voltage and low leakage current) implies a lower degree of order. This fact is related to the existence of antiphase borders (APBs) in ordered materials which acts as scattering and/or recombination centers, inducing degraded I-V characteristics in ordered material. According to the foregoing phenomenology, the R facet has a higher degree of order.
On closer inspection, the current is concentrated within defined closed areas, which correspond to the ordered domains. This is supported by the fact that, in general, for III-V ternary alloys there is a preference for short-range ordering. ' However, a long range ordering may also appear spontaneously during epitaxial growth of those materials.
Besides the main observation discussed above we found also a lowering in current measured from the sharp edge separating the L and R planes of the AD. This behavior is unusual since one would expect higher currents due to the field enhancement at the sharp edge. Also in some I-V curves we found a small hysteresis at higher, positive voltages, while the negative voltage region remains preferentially stable over the whole range. The absence of hysteresis can serve here as an indication of a stable tip-sample contact, without oxide layer formation during the voltage ramping.
The KPFM data are in a reasonable agreement with the data obtained by C-AFM, because a higher value of bucking voltage (CPD) corresponds to the case of lower conductivities for the L facet. For the analysis of the data, we have canceled out an influence due to different surface roughness because a facet analysis of the terminating planes revealed that both planes exhibit equivalent surface profiles [taken along the [010] and [001] directions, Fig. 2(b) ]. The planes are composed from the {105} facets with a width of 43 ± 9 nm alternating with 20 nm wide high-index {10w} planes. Within the limits achievable in conventional AFM, n was determined to be about 9. This suggests that the distinctive behavior of the terminating planes originates in surface properties, namely, the difference in work function due to the different surface termination on the L and R planes. Accord- Since the KPFM measurements were carried out under ambient conditions, it has to be pointed out here that an influence of adsorbed species on the local work function cannot be excluded.
For solar cell applications, the existence of APBs implies a degradation of the minority carrier lifetime as result of additional recombination mechanisms, which leads to a drop in the photocurrent generation. According to our results, the conductivity of the ADs is higher than that of the defect free film. Therefore, the ADs can act as a shunt resistance provoking internal shortcuts resulting in a decrease of the open circuit voltage. Thus the formation of ADs will weaken the solar cell performance.
V. SUMMARY
In summary, we have measured the surface morphology of ADs forming in GalnP epitaxial layers grown on vicinal Ge(100) and performed electrical characterization by means of C-AFM and KPFM. The terminating planes of the AD have been found to be composed from two alternating subplanes which are about 12° and 6° inclined toward the (100) plane corresponding most likely to {105} and {109} facets. The topographical analysis of the ADs suggests that the terminating planes are morphologically identical. At the same time, we observed that the electrical behavior of the ADs significantly differs from the behavior of the defect-free surface. Interestingly, the terminating planes appeared different relative to each other with respect to their electrical properties both in C-AFM and KPFM. Specifically, the current densities (C-AFM) for the two terminating planes amount to -278 ±35 and -445 ±35 ¿¿A/m 2 , respectively, while this value drops to -20 ±35 fiA/m 2 for the defect-free surface. In turn, the bucking voltage (KPFM) value for the ADs differs from the value for the surrounding film up to -100 meV (L plane). According to Leng et al. and and Lee et al., we conclude that the ADs in GalnP/Ge are composed most likely from material with a higher degree of order. However, the origin of the bucking voltage difference between the AD and its surrounding is still an open question. In 
